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Introduction
The acid phase of the Bushveld Complex in the Zaaiplaats tin-mining area, 30 km northwest of Potgietersrus in the Central Transvaal, South Africa, displays a variety of intrusive granitic rocks, viz: (i) a stratiform suite of granitoids, called the Main Granite, (ii) the Foothills Granite, and (iii) the Bobbejaankop Granite.
The Foothills granite intrudes into the Main granite, the Transvaal sediments, and the Bushveld Complex norite as thin sills and dykes. The Main granite which has intruded along the contact of the Transvaal sediments and overlying felsite as a composite sheet 2660 metres thick has a pseudostratified appearance due to the following textural varieties, from top to base: (i) contact microgranite, (ii) granophyric granite succeeded by, or intercalated with, granophyre and granite-porphyry, (iii) coarse-grained grey, leucocratic granite, and (iv) coarse grained, grey, mesotype granite (Strauss 1954) . The youngest of the granites, the stanniferous Bobbejaankop granite, is always associated with its fine-grained metasomatised roof facies, the Lease Granite, the upper part of which contains the almost always persistent zone of flat, concordant contact pegmatite bodies. The red, coarse-grained Bobbejaankop granite intruded into the Main granite as dome-like plutons. In the Zaaiplaats area it crops out as an elongate body bounded in the southwest by the Lease microgranite and elsewhere by the coarse-grained facies of the stratiform Main granite at the lowermost levels and by the granophyric variety at the higher levels.
Structural state and composition of alkali feldspars
The objective of the structural state and composition study of alkali feldspars was to test the validity of the method and its feasibility for find- ing differences in alkali feldspars in different granites, and in particular, between the mineralized and barren Bobbejaankop granite. The profile of samples, marked from 78/15/1 up to 78/15/10, represent a sequence of samples in a vertical section from the bottom, the barren Bobbejaankop granite through the disseminated cassiterite zone up to the Lease granite contact. The interval between the specimens in the vertical section is about 32 metres. Sample 78/15/10 is from the disseminated cassiterite zone. Six samples, viz. 06377-288, -300, -24, -108, -154 and -20 are alkali feldspars from the mineralized pods and patches in the Bobbejaankop granite, where they were always in intimate association with cassiterite. In the Lease granite the alkali feldspars were collected from unmineralized localities. The specimens from the Main granite were selected to represent all the main variations in the layers with different textures and grain sizes in the vicinity of the Zaaiplaats mine.
The cell dimensions for 25 alkali feldspars were determined from diffractometer data using Fe radiation (X = 1.9373 Å, 50kv, 20 mA). Two scans from 15 to 67 degrees 20 were recorded for each specimen at a goniometer speed of 0.5° per minute.
The X-ray diffraction patterns were indexed and 29 values for the indexed peaks were subsequently used in a cell refinement programme of Appleman and Evans (1973) . Because many of the X-ray powder patterns were fairly diffuse, provisional cell parameters were first calculated. The indexing was checked by inspection b, (Å) Fig. 2 . The b-c plot of Stewart and Wright (1974) for alkali feldspars. Lines of equal Al-content in T, sites (t,o + t,m) are based on complete disorder in the analbite -sanidine series and complete order in the low albite -maximum microcline series. Marks as in Fig. 1 .
of the powder patterns, and the indexed peaks were calibrated using quartz as an internal standard, and the final refined unit cell parameters were computed from the inspected powder diffraction data. The composition and structural state of alkali feldspars that are not strained, can be determined simultaneously by measuring 201, 060, and 204 reflections according to the simple »three-peak» method of Wright (1968) . The 20°CuKa values for 060 and 204 are plotted against each other in Fig. 1 .
The b-c plot (Fig. 2) gives total Al in the T, sites (t,o + t,m) and total Al in the T 2 sites, assuming that t 2 o is always equal to t 2 m, i.e., t 2 o = t 2 m = Vi (1.0-t,o-t,m), (Stewart and Ribbe 1969) . Even though the b-c plot provides a characterization of structural states, it doesn't distinguish between the one-and two-step ordering trends. Distortion in certain strained alkali feldspars which are strained can be characterized using the contours for a on the b-c plot (Wright and Stewart 1968 ). Wright and Stewart defined an alkali feldspar as having anomalous cell dimensions when the quantity [a(observed) -a(estimated from b and c)] exceeds 0.02 Å. The estimate of Aa is obtained from the contours of Fig. 2 , and the values are given in Table  1 . However, with the exception of sample 06377-45 from the Lease granite the alkali feldspars studied do not show any significant strain in lattices.
As shown by Stewart and Ribbe (1969) , the a*-y* plot (Fig. 3) can be used for a quantitative measure of the difference in Al-contents of the T,o and T,m sites. The tiO, t,m and t 2 o = t 2 m values in Table 1 have been calculated according to the relation of Stewart (1975) , where:
1.0 -(t,o + t,m) = t 2 o + t 2 m, and t 2 o = t 2 m = (t 2 o + t 2 m)/2.
The alkali feldspars in the Bobbejaankop granite exhibit the highest degree of ordering of the specimens studied. According to the 060 -204) peak plot and the b-c plot they are maximum microclines indicating thus the lowest thermal state.
The Bobbejaankop granite specimens in association with cassiterite in the mineralized pods and patches of the disseminated zone marked as »mineralized» in Table 1 , are not marked different from those below the disseminated zone marked as »profile».
The high t,m values (between 0.44 and 0.49) ( Table 1) demonstrate clearly a more complicated ordering path than the »one-step ordering process» (Stewart 1975) for these alkali feldspars.
The powder patterns of the Lease granite alkali feldspar specimens were very diffuse, and the crystallographic data in Table 1 cannot be regarded as very informative. However, the »three-peak method» of Wright (1968) could be employed to show that at least four of the six specimens studied are intermediate microclines, a trend that is confirmed by the b-c plot and the a*-7* plot (Fig. 3) .
The tjm values (between 0.29 and 0.36) and the A20 CuKa The crystallographic data on the five triclinic specimens from the upper parts of the Main granite are essentially similar to those of the Bobbejaankop granite, the t,o-t,m values being slightly higher. Fig. 3 . a*-Y* plot for alkali feldspars, contoured for t,o-t,m with complete order in the low albite -maximum microcline series. t,o equals t,m in analbite and monoclinic alkali feldspars (Stewart and Wright, 1974) .
Marks as in Fig. 1 .
> * cX
The Or-contents were estimated with a reproducibility of about two per cent from the 201 peak in the diffractometer pattern. The composition was determined by using the following equations (Wright 1968 The Or% contents determined from the 201 peak values are also given in Table 1 . The orthoclase contents cannot always be determined from the 201 peak because it overlaps with the strong peak of the quartz internal standard.
An equation of Stewart and Wright (1974) relating Or-content and cell volume (V, Å 3 ) was applied in this study:
The equation is least satisfactory for higly ordered sodic feldspars (Stewart 1975) and, consequently, the Or contents calculated for most of the Bobbejaankop granite samples and for three of the Main granite were slightly over 100 per cent.
Geothermometry and oxygen barometry using coexisting iron-titanium oxides
All the specimens studied are from the coarsegrained lower portion of the Main granite, from between 1215 and 1650 metres above sea level in the environment of the Zaaiplaats tin mine. The textural relationship between magnetite and ilmenite is shown in Fig. 4 .
Coexisting magnetite and ilmenite grains could not be found in the upper, porphyritic part of the Main granite or in the Bobbejaankop or Lease granites. In the porphyritic Main granite most of the ilmenite is usually altered to leucoxene; in the Bobbejaankop granite all the magnetite has oxidized into hematite, and ilmenite could not be identified in polished sections. In the original microprobe analyses all the iron is given as FeO; the Fe 2 0 3 contents were estimated using charge balance criteria (Carmichael 1967) . The maximum and minimum temperatures, calculated with the method of Powell and Powell (1977) , of each analysed magnetiteilmenite pair are given in Table 2 . The temperatures display fairly random distribution patterns between 450°C and 750°C, the average temperature being 600°C. One magnetiteilmenite pair in Specimen SA 49 gave temperatures as high as 946.9°C and 963.6°C, whereas one single pair in Specimen SA 96 gave the lowest temperatures calculated, 377.8°C and 387.8°C.
The temperatures obtained with the graphical method of Buddington and Lindsley (1964) -18.9
respond reasonably well with the calculated ones (see Table 2 ). For temperatures below 600°C the graphical method is nevertheless inaccurate owing to the extrapolation of the intersecting contours for magnetite-ulvöspinel and hematite-ilmenite solid-solutions, for temperatures below about 540°C it cannot be used at all. It should be noted that the maximum and minimum values for oxygen fugacities calculated on the basis of the equation of Powell and Powell (1977) who reformulated the data of Buddington and Lindsley, are given in Table 2 as In a 02 , whereas the oxygen fugacities in the graphical method of Buddington and Lindsley (1964) are given as log, 0 f 0i in Table 2 . Like with the temperatures, the graphical method cannot be applied to magnetite-ilmenite pairs giving temperatures below about 540°C.
The log 10 f 0 , values obtained with the graphical method are between -22.0 and -13.7, and the calculated In äo, values between -82.4 and -25.8.
In Fig. 5 the temperatures calculated with the method of Powell and Powell (1977) have been plotted against the log 10 f 0 , scale; the QFM buffer curve for the oxidation reaction 3Fe : Si0 4 + 0 : = 2Fe,0 4 + 2SiO : has been plotted for comparison. The calculated temperatures indicate that the subsolidus reequilibration of irontitanium oxides ceased at a very low temperature (382.8°C). With the exception of four irontitanium oxide pairs, i.e. SA 49f, SA 141b, SA 15b and SA 49e, the distribution of the temperature-log 10 f 0 , values between the different specimens displays a typical T-log, 0 f 0 ., plot of a rock from an acid intrusive suite (Haggertv 1976) .
The lower Main granite crystallized under variable oxygen fugacities in the temperature range 500° to 650°C and at least partially, under reducing conditions (Fig. 5) . Oxidizing conditions prevailed at temperatures higher than 650°C. Because of the slow cooling, the fairly wide temperature variations obtained for one individual specimen are usual for the T-log l0 f o? distributions for coexisting magnetite-ilmenite pairs in the acid intrusive rock suites. Thus, the temperature and oxygen fugacity values calculated apparently reflect the conditions under which the iron-titanium oxide pairs analysed were originally frozen.
Discussion and conclusions
The origin and the mode of crystallization of the Bobbejaankop and Main granites have been the most controversial point in the different models attempting to explain the evolution of the acid phase of the Bushveld Complex in the Zaaiplaats area. All the Bushveld granites in this area are extremely homogeneous in their major element geochemistry.
De Waal (1972) proposed that the Main granite should be replaced by »Main Suite», because his field data indicated that the Main granite is composed of a series of rock types, ranging from quartz porphyry, through granophyre to a coarse-grained granitic rock.
The Main granite rocks of the Zaaiplaats area in de Waal's model represent original epicrustal quartz and granite porphyry sheets that intruded along the contact of the Transvaal sediments and overlying felsite before to the emplacement of the layered mafic sequence of the Bushveld Complex. On intrusion of the mafic magma, the porphyry became metamorphosed to an increasing degree giving rise to the pseudo-stratification of the granophyres and granites. The Bobbejaankop granite, on the other hand, is a crystallization product of a magma of unknown origin and the Lease granite a highly metamorphosed and metasomatised granophyre of the Main granite.
According to Lenthall and Hunter (1977) and McCarthy and Hasty (1976) the Bushveld granites in the Potgietersrus area formed by in situ fractional crystallization of a single parent magma of crustal origin (Davies et al. 1970 ) and the graphic textures characteristic of the upper part Powell and Powell (1977) .
of the Main granite could result from crystallization under hydrothermal conditions or from metasomatism. In their model, the Bobbejaankop granite is regarded, on the basis of trace element partitioning at fractional crystallization, as a highly differentiated liquid caught between two fronts of crystallization: one from the roof downwards and the other from the floor upwards in a sheet of Main granite. The Lease granite is regarded as a chilled residual liquid. The absence of oxidation and alteration phenomena in the deeper parts of the Main Granite layers may indicate crystallization from a less hydrous magma (Lenthall 1975) . Further, Lenthall and Hunter (1977) argued that the alkali feldspars in the Main granite tend to achieve higher degree of ordering at stratigraphically higher levels. The present study, however, showed that the alkali feldspars in all the porphyry and porphyritic granophyre variations of the Main granite, with granularity and texture index of de Waal (1972) either seven or lower, are maximum microclines.
The high thermal states of alkali feldspars in the lower Main granite indicate the presence of only small quantities or total absence of a vola-tile phase at the time of initial crystal growth, which might have prevented the later development of higher ordering. This supports the view that this part of the Main granite underwent fractional crystallization. The iron-titanium oxides in the lower Main granite are original magmatic phases, and indicate a slow cooling rate under conditions typical of a rock of an acid intrusive suite.
The variation in the structural state of the alkali feldspars is mainly due to the availability of hydrothermal fluids during their cooling history (Parsons 1978) . This diversity, in turn, reflects a buildup of water with magmatic evolution and implies that the fluids did not circulate freely in the lower Main Granite in the temperature range of inmixing and ordering because feldspar-fluid interactions in rocks normally tend to increase the Al/Si ordering. However, for lack of petrographic evidence of a cumulate character it is difficult to deduce whether the crystallization was fractional or incremental equilibrium crystallization in character (McCarthy and Fripp 1980) . The high ordering of alkali feldspars, the alteration of the ferromagnesian minerals and the oxidation of exsolved iron in the feldspars could be explained if the upper layers in the Main granite underwent essentially equilibrium crystallization in the presence of a volatile-rich, hydrous fluid phase. Thus, the alkali feldspars in upper Main granite reflect the build-up of a progressively more hydrous interstitial melt containing most of the volatiles. The interaction of this interstitial melt and early solidification products has led to thorough subsolidus recrystallization of the feldspars.
A fluid inclusion study (Ollila 1981) showed that the maximum ordering or the low thermal stage of the alkali feldspars in the Bobbejaankop granite is due to the presence of the hydrosaline fluid phase which promotes the re-equilibration of alkali feldspars, and possibly, to a lesser extent, to the slow post-crystallization cooling rate, which may also be an important factor in the nucleation of triclinic potassium feldspars. On the basis of its conversion to orthoclase in a contact metamorphic aureole, Wright (1967) has estimated 375°C ± 50°C as the upper temperature limit of maximum microcline.
Although the contacts between the Lease granite and the Bobbejaankop granite are usually sharp, root-like projections of the Lease granite extend down into the other. The Bobbejaankop granite also has a somewhat higher quartz content and a slightly coarser grain size, sometimes with sparsely developed pegmatitic material in the vicinity of the contact between the two granites (de Waal 1972).
The Lease granite defines trends of decreasing Ba and Sr with increasing Rb, and low K/Rb, Ba/Sr and Ba/Rb ratios, and it has been suggested that the relationship of the Lease granite to the Main and Bobbejaankop granites is one of melt to cumulate (McCarthy and Hasty 1976) .
The Lease granite could have formed in two ways: it is either an aplite or it is of metasomatic origin, i.e. it is a replacement product of the granophyre of the Main granite or the semiconsolidated Bobbejaankop granite through the process of hydrothermal granitization.
The consolidation of the Bobbejaankop granite might have led to contraction of the granite mass and development of a narrow zone of open space at its upper contact. In these circumstances, aqueous fluid might be expelled from the crystallizing magma, carrying with it granite-forming components, essentially those able to be redeposited as an aplitic granite. Since this accumulation of the »new» magma is fairly slow, it may have taken place simultaneously with the formation of the open space.
The sharp contact between the Bobbejaankop and the Lease granite supports the view that, theoretically, a heave of separate, aplitic and very hydrous magma could have appeared during the late period of the crystallization of the Bobbejaankop granite. Even though the major element composition of the Bobbejaankop and Lease granites differs but little, the faster cooling rate or quenching of the Lease aplitic magma may explain certain physical differences noted by de Waal (1972) between the two granites at the time of the epigenetic tin mineralization.
An alternative and more probable explanation for the origin of the Lease granite is its development as a result of hydrothermal granitization. At the final stages of the Bobbejaankop granite crystallization, continued progressive crystallization caused enrichment of volatiles and some incompatible elements in the subsequent, aqueous fluid with increasing CO : content. This fluid accumulated gradually below the contact pegmatite owing to its low density or to the existing pressure gradients in the semi-solid Bobbejaankop granite. The initial FLO content of the Bobbejaankop granite is important because it controls the pressure and temperature regime at which an aqueous fluid phase is evolved by »second boiling» and this in turn determines the extent of wall-rock fracturing and subsequent hydrothermal activity.
Originally, the formation of the Lease granite through metasomatism was operated by a process of coexisting crystals -aqueous fluid system. The Lease granite zone undoubtedly reached FLO saturation fairly early in its metasomatism. Partial dissolution due to crystal-aqueous fluid disequilibrium led to disruption of the solids formed earlier and finally to the aplitic, fairly fine-grained texture.
According to de Waal (1972) the Lease granite represents highly metamorphosed and metasomatized granophyre of the Main granite. However, two facts appear to contradict this hypothesis, viz: (i) the location of the contact pegmatite layers that apparently mark the upper boundary of the Bobbejaankop granite, (if the contact pegmatite crystallized between the metasomatized and unaltered Main granite, it could be expected to show more irregular patterns in shape and size), and (ii) the spatial relationship between the Bobbejaankop and Lease granites. The Lease granite occurs in the Bobbejaankop granite as inclusions and as root-like apophyses up to 120 metres long (Strauss 1954) . The occurrence of the metasomatised Main granite about 120 metres beneath the roof contact is rather unlikely.
The incipient pegmatization seen on microscopic scale in the otherwise hypidiomorphic Lease granite shows a typical replacement feature formed via the later aqueous fluid phase. Although, texturally, parts of the Lease granite appear locally to be a replacement product caused by the aqueous fluid phase, or a remnant of palingenesis, of the Main granite granophyre, it is most probably metasomatized Bobbejaankop granite. If the upward crystallization from the bottom of the Bobbejaankop granite dominated over the downward crystallization from the roof, the remaining silicate melt was inevitably enriched in H 2 0. The root-like apophyses of the Lease granite down to the Bobbejaankop granite may be the channelways for the collection of the aqueous fluid up to the Lease granite zone by convective-type circulation. Because of the loss of heat to the solid or semisolid country rock, the crystals -aqueous fluid system in the Lease granite zone was no longer thermodynamically stable at certain temperatures, and reconstitution of the Bobbejaankop granite resulted.
The primary and secondary fluid inclusions (Ollila 1981) indicated that a highly saline fluid phase was present during the cooling of the Lease granite in much the same way as in the Bobbejaankop granite. Thus, the higher thermal or less ordered state of the alkali feldspars is solely due to the higher cooling rate of the Lease granite than that of the surrounding rocks, as a consequence of sudden loss of heat from the fluid phase into the country rocks.
